INTRODUCTION
Application of electromagnetic acoustic transducers (EMATs) to nondestructive testing has a potential advantage over conventional ultrasonic testing, because EMATs require no contact between a transducer and a test specimen. So far there have been various studies dealing with theoretical basic analysis for understanding physical phenomena of EMATs [l] , numerical approaches for design optimization of EMAT systems [2] , and their industrial applications [3] . Though flaw detection by using ultrasonic waves generated by either conventional transducers or EMATs usually utilizes only echoes from flaws as detected information, noncontactness of EMATs, leading to easy theoretical formulation of wave generation or detection, can make EMAT testing a promising method of flaw identification through thorough inverse analysis of detected wave signals.
Thus, aiming at establishing inverse flaw analysis of EMATs, this research deals with fundamental analysis of propagation of acoustic waves in a conductor generated by an EMAT. First the governing equations describing these processes are shown on the basis of electromagnetics and elastodynamics. One-dimensional theoretical analysis based on these equations gives a fundamental relation of excitation coil current, Lorentz force and displacement in a conductive specimen. Two-dimensional FEM simulations are also carried out for examining effect of a flaw on wave propagation.
ELECTRO MAGNETICS AND ELASTODYNAMICS IN EMAT SYSTEMS
An EMAT usually consists of a coil for generating time-varying magnetic field and a permanent magnet for generating static one. By the time-varying field generated by a.c. current supplied to the coil, eddy current is induced in a boundary layer near the surface of an elastic and conductive specimen. Interaction between the eddy current and the tim(}ovarying and static magnetic field causes tim(}ovarying electromagnetic force near the surface. This body force generates elastic waves which propagate in the specimen. Detecting waves by an EMAT is also possible by the inverse procedure. Physical phenomena of EMATs can be described as coupling of electromagnetics and elastodynamics, by neglecting thermoelastic coupling [1] . The governing equations for electromagnetic fields are given by the Maxwell equations with constitutive equations between the current density J and the electric field E and between the flux density B and the magnetic field H:
where u is the electrical conductivity and /L is the magnetic permeability. The governing equation for elastodynamics is given by the displacement equation of motion with a term of electromagnetic external force:
where il is the displacement, p is the mass density, A and G are the elastic constants. These equations are coupled through the term ftJi x B in Equation (2) and the term J x B in Equation (3). However, the term ftJi x ii, which corresponds to the counter electromotive force due to the vibration in the magnetic field, is negligible compared with the electric field due to the transient magnetic field. With this term neglected, the above equations are decoupled and they have only a on(}oway relation, so that the solution can be obtained by solving electromagnetics first, and then solving elastodynamics.
THEORETICAL AND NUMERICAL ANALYSIS OF 1-D WAVES Analysis Model and Nondimensionalization
To understand the phenomena of EMATs, we first consider the on(}odimensional case modeling an area right under the coils of EMAT generating compressional waves, and examine analytically characteristics of wave generation and propagation. As shown in Figure 1 , the model consists of an conducting elastic half-space (x ~ 0) and wires carrying currents in the y direction. We assume static magnetic field Bo is applied uniformly in the z direction. The time-varying uniform field due to the wire currents is also applied in the z direction. In this case, eddy current J is induced in the y direction, and the displacement has only the x component u." leading to propagation of a compressional wave in the x direction. Here, supplied currents are assumed to be sinusoidal at the angular frequency w. By choosing the skin depth 6 = V2/(/Luw) and tilcL ,where CL == j(2G + A)I p is the speed ofthe compressional wave, and the static field Bo as the characteristic length and time and magnetic field scales,
